This paper presents a numerical modeling approach for the flight dynamics and deformation of tethered inflatable wings which are central components of many contemporary airborne wind energy systems. A geometrically nonlinear finite element framework is used to describe the large quasi-static deformations caused by changing bridle line geometry and by varying aerodynamic loading. The effect of the external flow is described in terms of discrete pressure distributions for the different wing sections. The empirical model takes into account the shape parameters chord length, camber and thickness per section and is derived by fitting precomputed data from computational fluid dynamic analysis. To reduce computation times, local dynamic deformation phenomena are neglected. Each integration time step, the steady aerodynamic loading is determined first and then used to update the static equilibrium shape of the wing. This static aeroelastic model is embedded in a dynamic system model which includes the tether, bridle lines and kite control unit. The iterative approach can accurately describe bending and torsion of the wing, which contribute to the aerodynamic steering moments. The presented approach is complemented with a flight controller and used to simulate figure-eight flight maneuvers of a leading edge inflatable tube kite used for traction power generation.
I. Introduction
Airborne wind energy (AWE) systems use tethered flying devices that can operate at higher altitudes than conventional wind turbines. A main advantage is the expected significant increase in capacity factor, the ratio of actually generated to potentially feasible power output, which is a result of the more constant and stronger wind [1] [2] [3] . Next to this, replacing the rigid tower of a wind turbine by a lightweight tensile structure translates directly into lower investment costs and a lower environmental footprint. The reduced visual and acoustic impact is an advantage for installations in ecologically sensitive areas, while the low weight and compact dimensions are particularly suitable for mobile deployment.
Among the various concepts that have been devised and tested over the past decade, a particular focus has been the conversion of the traction power of a tethered inflatable wing into electricity [4] [5] [6] [7] . As depicted in Fig. 1 , such a kite power system is operated in pumping cycles consisting of two alternating phases. During the reel-out phase the kite is flying Wind Reel-out phase: energy generation Reel-in phase: energy consumption Figure 1 . The two phases of a pumping cycle [7] * Currently Project Engineer, Van Oord Offshore Wind Projects, Jan Blankenweg 2, 4207HN Gorinchem, The Netherlands, Allert.Bosch@vanoord.com.
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§ Currently Professor, Technische Universität München, Institute of Applied Mechanics , Boltzmannstrasse 15, 85748 Garching, Germany, rixen@tum.de. fast crosswind maneuvers, e.g. figure-eights or circles, to create a high traction force. This traction force is driving an electrical generator on the ground. During the reel-in phase the angle of attack of the kite is decreased in order to reduce the traction force. As consequence, the kite can be retracted to a lower altitude for only a fraction of the energy that was generated in the reel-out phase. The kite is steered and de-powered by means of a kite control unit (KCU) which is mechanically connected to the wing by a bridle line system and to the ground station by a tether. A wireless link is used for remote-control and streaming of airborne sensor data.
In contrast to the rotor blades of a conventional wind turbine, an inflatable membrane wing is lightweight and highly flexible. Its shape is determined by the interaction of aerodynamic wing loading and pressure distribution in the tubes on the one hand and internal forces in the membrane fabric and bridle lines on the other hand. Due to its low inertia, the wing responds generally very sensitively to control commands, fluctuations of the apparent wind velocity and other changes of geometry or boundary conditions. This is one of the reasons why robust automated flight control is a challenging task [8] . In essence, the strongly coupled aerodynamics and structural dynamics of the wing constitute a challenging fluid-structure interaction (FSI) problem which interacts with the flight dynamics. On the other hand, the boundary conditions of the FSI problem continuously change as the relative flow conditions vary along the flight trajectory. Computational analysis has confirmed that the spanwise torsion of the wing plays an important role in the steering behavior of the wing [9] . Other aeroelastic phenomena such as spanwise bending oscillations or wing tip flapping can be induced by the interaction of aerodynamic and structural forces.
Many studies with focus on system performance or flight control consider only point mass or rigid body flight dynamics and do not account for effects of wing flexibility [10] [11] [12] [13] . This significantly limits the accuracy and prediction capability of the simulation model because the physical mechanism of steering by means of line displacement can not be represented adequately. Standard approaches for aircraft flight control, such as system identification, are difficult to use because the deformation of the wing strongly depends on the time history of the flight maneuvers [14] . One possible improvement is to include an empirical correlation between steering input and induced flight dynamic response of the wing, such as the correlation between steering line displacement and yaw rate proposed in [15] [16] [17] [18] . However, despite its mathematical simplicity, such a black box model requires a statistical evaluation of a sufficient volume of flight data. Design changes generally require a renewed statistical evaluation and, accordingly, such a model has limited practical value in the early stages of development when prototype flight data is often not available.
An attempt to include mechanistic model components is proposed by [19] , assuming a correlation between steering line displacement 1 and induced spanwise wing torsion. This complex three-dimensional deformation mode is idealized as a shear distortion of the projected wing geometry, described by a single deformation parameter, the wing tip displacement, which depends linearly on steering line displacement. The focus of this study is on the coupling with a panel method to determine the aerodynamic surface pressure distribution on the deformed wing. The central assumption is thus potential flow, however, most relevant flight situations are at a high angle of attack, which implies separated flow, which is an inherently viscous phenomena. The practical use of this method for quantitative analysis is limited. A similar approach is presented in [20] .
To systematically improve the wing design and to optimize its operation under a wide range of wind conditions a more detailed understanding of the flight dynamic behavior is indispensable. This is a major motivation for the development of mechanistic models that incorporate deformation on the basis of structural degrees of freedom (DOF). In order to accelerate simulation times, small-scale FSI phenomena, such as canopy flutter which is caused by local pressure fluctuations and the low inertia and stiffness of the wing, are typically neglected as the impact on the overall flight dynamics is minor. Macro-scale FSI phenomena, such as wing torsion and bending, have a major effect on the flight dynamics and are taken into account.
Some studies model the aeroelasticity of the wing on the basis of a particle system representation [21] , a multi-plate representation [22] or a multibody representation [9, 23] . However, these type of mechanistic models generally imply high degrees of idealization, especially in defining the mechanical interaction between the discrete structural elements. Accordingly, the required empirical parameters vary with the specific wing design and consequently need to be determined experimentally on a case-by-case basis.
Closer to the physical reality is a consistent finite element (FE) representation of the membrane wing. In a recent study, several 10000 triangular membrane elements are used to discretize the fabric material of a leading edge inflatable (LEI) tube kite together with the line elements for the bridle system [24] . The internal aerostatic loading of the pressurized tube chambers is described by a uniform pressure model. An exterior aerodynamic loading of the wing is not considered. Such level of physical detail allows for predictive simulation of the wing deformation requiring only the material characteristics of the membrane fabric and line materials. However, the high-resolution discretization inevitably resolves dynamic phenomena with short time-scales, which reduces the numerical integration time step and thus increases the computational time.
The static deformation of a ram air parachute in flight is analyzed in [25] . The method iteratively couples a FE representation of the elastic membrane wing with a vortex lattice method (VLM) to determine the surface pressure distribution generated by the exterior flow. An improved approach is presented in [26] , coupling a FE representation of the ram air wing with a panel method to simulate the exterior aerodynamics. The inviscid flow solver includes empirical corrections for several wing components and a simple boundary layer model to account for flow separation.
From this review of existing research it is apparent that an accurate and efficient mechanistic model of a flexible tethered wing would be a valuable contribution to the present AWE development activities. The objective of this paper is to derive such a model, covering the flight dynamics of the wing as well as its quasi-static deformation under aerodynamic load. The mechanistic approach provides detailed insight into the behavior of the wing during specific flight maneuvers and establishes a generic link between steering line displacements and large-scale dynamic system response. Small-scale phenomena such as local fluttering of the canopy are not considered. This approximation drastically reduces the overall computational effort. A basic flight controller is included in order to simulate figure-eight flight maneuvers that are used for many AWE Systems. The presented approach is discussed further in [27, 28] .
Following this introduction, Sect. II describes the computational approach and the individual model components, followed by a description of the flight controller in Sect. III. The simulation results for figure-eight flight maneuvers are discussed in Sect. IV and the conclusions are drawn in Sect. V.
II. Computational approach
A common approach for the numerical simulation of complex FSI problems is the alternating solution of fluid and structural dynamic problem parts within an iterative coupling procedure. Since larger deformations can significantly affect the fluid flow and the resulting surface pressure distribution two-way coupling is of crucial importance. This can be achieved by exchanging updated structural displacements and fluid pressure at the interface during the coupling iterations. To simulate the deformation of the tethered wing along a crosswind flight trajectory with continuously changing relative flow conditions and bridle line geometry the FSI problem is embedded in a dynamic system model. Since the objective of the present study is the description of the quasistatic large-scale deformation response, a static FSI problem is solved by coupling a static structural model with a steady aerodynamic load model. Small-scale deformation phenomena with short time scales (high frequencies) are effectively filtered out by this approach. As mentioned in the introduction, these phenomena generally have only a marginal effect on the dynamic behavior of the wing under nominal flight operation. finite element discretization of the wing. The canopy is represented by triangular shell elements, whereas the pressurized tubular frame is represented by conventional beam elements. Compared to other studies [24] , the discretization is very coarse such that small-scale phenomena are not resolved. Wrinkling, for example, has an important influence when a beam element is bent strongly and eventually buckles. However, such severe off-design conditions are excluded from the scope of the present analysis. The steady aerodynamic load model provides a discrete surface pressure distribution for each wing section as a function of its local relative flow conditions and shape deformation. The approach is adapted from [9, 29] and matches the level of detail and computational effort of the structural model.
The dynamic behavior of the complete system consisting of wing, bridle lines, KCU and tether is described by a particle system model. Bridle lines are represented as linear spring-damper elements, whereas the tether is described as a distance constraint. The inertia of the system components is represented by point masses at the KCU and at the bridle line attachments on the wing. For each dynamic integration step, the structural model provides the resultant wing forces at the bridle line attachments. These forces, which constitute aerodynamic and internal structural components, are applied as external loads to the particle system model. Following the integration step, the updated positions of the point masses are returned to the structural model and treated as displacement boundary conditions. Each of the component models depicted in Fig. 2 uses an individual reference frame. The dynamic equations of the particle system are formulated in the wind reference frame (x w , y w , z w ), an inertial frame which has the x w -axis aligned with the wind velocity vector v w and the z w -axis perpendicular to the ground surface. The structural deformation of the wing is analyzed in a reference frame (x k , y k , z k ) moving with the kite. The flight velocity vector v k and the angular velocity vector ω k describe the translation and rotation of this kite-fixed reference frame with respect to the wind reference frame. Together with the wind velocity vector v w the vectors v k and ω k constitute the state vector X of the wing. The aerodynamic loading is determined in reference frames (x 
A. Static structural wing model
The deformation of the wing is described by the displacements of the structural nodes. The nodal displacement vector q = q f , q b comprises two distinct partitions: q f , containing the degrees of freedom and q b , containing the prescribed displacements of the bridle attachment points. For a specific flight condition and bridle line geometry the static deformed shape of the wing at an arbitrary time is determined by the equilibrium of internal elastic forces F i and external aerodynamic forces F a , which is described by a system of nonlinear equations,
where q 0 are the known displacements at the previous integration step and F b are the unknown reaction forces at the nodes with prescribed displacements. The superscripts f and b denote the components of the nodal force vector at the free and prescribed displacement nodes. The kite used in the present study is shown in Fig. 3 . The displace- ments are prescribed at the four bridle line attachment points, which are the corners A, B, C and D of the wing. These four points are also used to define the reference frame (x k , y k , z k ) for the structural analysis. The origin r k of this frame is positioned on the geometric midpoint between the two leading edge attachment points. The x k -axis is pointing to the midpoint between the two trailing edge attachment points. The y k -axis is pointing towards the leading edge attachment point on the right wing tip.
The system of equations (1) is nonlinear in the displacements q, which has three different reasons. Firstly, large displacements cause a coupling between out-of-plane bending and in-plane stretching. This is accounted for in the adopted von Kármán kinematic description, which establishes a quadratic relation between the strains and the displacements, significantly changing the stiffness of the system under operational loads. The von Kármán kinematic model is adequate for the expected degree of deformation in typical flight situations. However, the described procedure is general and can include more complex kinematic models. The stiffening effect is essentially due to the reorientation of the canopy membrane when subjected to transverse pressure. The reorientation causes tensile stresses that are resisted by the much stiffer in-plane rigidity of the canopy Secondly, the bending of inflated tubes affects the tube cross section which in turn changes the bending stiffness. At larger deflections, this nonlinear geometrical effect can cause buckling of the tube, which essentially is a sudden decrease of bending stiffness. In order to model this phenomenon accurately, a very fine structural mesh would be required to capture the associated local wrinkling of the membrane. Since the objective of the present study is computational efficiency, the inflated tubular components are discretized by conventional two-node beam elements, i.e. omitting a discretization of the tube cross section. The nonlinearity is incorporated by deflection-dependent cross-sectional properties that are calibrated with experimental data [9] . Thirdly, the aerodynamic load distribution F a (q, X) depends nonlinearly on the shape deformation of the wing, as explained in the following section. Severe nonlinearities are introduced by flow phenomena such as flow separation which, in the extreme, can lead to stalling of the wing.
Due to the inherent nonlinearities, the system of equations (1) has to be solved iteratively. A Newton-Raphson scheme is adopted to solve the first block of equations in system (1) for the unknown nodal displacements q f while keeping the aerodynamic loads F a constant. After convergence of the structural loop the aerodynamic loads are updated for the new shape of the wing and the displacements are recalculated. This procedure is repeated until the prescribed convergence criteria on displacements and force residuals are met. The reaction forces F b occurring in the bridle line attachment points are then calculated by means of the second block of equations in system (1).
The specific wing analyzed in the present study is a North Rhino kite with a total surface area of 16 m 2 . The FE discretization of this kite is depicted in Fig. 3 , including a description of essential components and global dimensions. This particular kite was chosen since it represents a typical kite used for AWE systems. The C-shaped canopy is supported by a pressurized tubular frame designed as a leading edge tube with five connected strut tubes. Each of the wing tips incorporates a thin stiff beam with a front and rear attachment of the bridle lines. The two front bridle lines, attached at points A and C, are denoted as power lines because they transfer most of the traction force generated by the kite to the tether. The two rear bridle lines, attached at points B and D, are denoted as steering lines because they are actively controlled to steer, power and de-power the kite. The trailing edge incorporates a thin wire to prevent over-stretching and flapping of the canopy. The canopy is made from ripstop fabric material and attached to the top of the tubular frame. The dimensions specified in Fig. 3 refer to the unloaded and undeformed state of the wing, with nominal angles of attack of α l = α r = 6.5°and α m = 12.7°at the tips and the midwing sections, respectively.
The canopy is discretized by nonlinear three-node triangular flat shell elements combining a membrane element for the in-plane forces as proposed by [30, 31] , and a bending element for the out-of-plane forces as proposed by [32] , amounting in a total of 18 DOF. The ripstop fabric material is modeled as isotropic linear material with a Young's modulus E = 1250 MPa, a Poisson ratio ν = 0.3 and a thickness h = 0.08 × 10 −3 m. The positioning of the finite element nodes on the wing takes into account the method of determining the discrete aerodynamic loading discussed in the following section. These forces are based on a discretization of the lifting surface in spanwise and chordwise directions which accordingly leads to the triangle strip mesh structure depicted in Fig. 3 . This mesh is sufficiently fine to resolve the large-scale deformations of the wing while keeping the number of DOF at a reasonable level. The shorter chord in the tip areas leads to a finer mesh which is favorable because these areas experience the largest deformations and have the largest impact on the steering behavior.
The pressurized leading edge and strut tubes, the trailing edge wire and the tip beam are discretized by nonlinear beam elements. This type of element is based on classic Bernoulli beam theory without shear deformation and has total of 12 DOF [33, 34] . The geometrical nonlinearity related to the varying cross section of inflated tubes under bending load is taken into account by means of a bending stiffness EI which, for a certain choice of tube material, depends on the inflation pressure p, the diameter d and the tip deflection q of the tube. The correlations EI(p, d, q) have been derived in [9] by fitting to experimental data. In total, the FE model comprises 107 beam elements, 360 shell elements, 222 nodes and 1332 DOF.
B. Aerodynamic wing loading model
To determine the aerodynamic surface loading the wing is partitioned into spanwise sections i = 1, . . . , n which are represented by twodimensional membrane airfoils with load points j = 1, . . . , m. As illustrated in Fig. 4 , the nodes of this aerodynamic load mesh coincide with the nodes of the structural surface mesh. The approach adopted
Wing section from [9, 29] has the advantage that the fluid-structure coupling does not require computationally expensive interpolation of displacements and forces at the interface. The aerodynamic surface loading is determined for each wing section individually, by means of computational fluid dynamics (CFD), taking into account the relative flow conditions and the instantaneous shape of the specific section. Since the flow time scales are much shorter than the large-scale deformations of the wing, only the steady aerodynamic loading is of interest. Since the flow around a membrane airfoil with leading edge tube is characterized by significant flow separation, even for low angle of attack, the two-dimensional flow simulations are based on Reynolds-Averaged Navier-Stokes (RANS) equations using a k − ω turbulence model. Because such analysis is computationally extremely demanding it is not performed as part of the numerical integration procedure, but used to precompute a correlation framework. This approach allows an efficient evaluation of the surface loading for given relative flow conditions and shape of the airfoil.
The local relative flow conditions are described in reference frames that are moving with the respective wing sections. As indicated in Fig. 4 , the origin of wing section reference frame (x 
which indicates the contributions due to translation and rotation of the kite-fixed reference frame (x k , y k , z k ) and due to deformation of the wing structure. The deformation velocity u i describes the velocity of the frame (x i k , y i k , z i k ) relative to the frame (x k , y k , z k ) which can be decisive for providing aerodynamic damping. Since the quasi-static deformation model does not provide nodal displacement velocities, u i is approximated as a finite difference using the displacements of the leading and rear edge nodes of each wing section
This average deformation velocity is well suited to describe the contribution of large-scale deformations which cause a translation or rotation of the wing section relative to the kite-fixed reference frame and which thus affect the local relative flow conditions. The spanwise component of v i a has a negligible effect on the aerodynamic loading. Consequently, only the projection into the xz-plane of the wing section
is used to characterize the local relative flow conditions. The angle of attack α is measured between vector v i a,xz and the the airfoil chord line. The airfoil geometry is described by the chord length c, the camber κ = b/c and the thickness t = d/c. In the discrete model, the chord length is evaluated as
and the camber as
The correlation framework is based on the following representation of the integral aerodynamic load on wing section i
The aerodynamic coefficients C L , C D and C M are regarded as correlations of the non-dimensional parameters κ, t and α. For all discrete parameter combinations within the range of possible operating conditions CFD simulations of the relative flow problems are performed to calculate the resulting aerodynamic coefficients. The fitted continuous functions are valid for −20°< α < 20°. Outside of this range, C L and C D are described by the empirical functions proposed in [35] . During the numerical integration procedure, the integral load characteristic, represented by a combination of aerodynamic coefficients C L , C D and C M , has to be expanded back to a consistent set of aerodynamic nodal forces
In order to do so, the force components F i j L and F i j D are distributed over the airfoil nodes j = 1, . . . , m in such a way that the prescribed airfoil moment M i is matched. The employed varying weighted approach is explained in detail in [9, 23] .
C. Dynamic system model
In order to simulate complete flight maneuvers the static aeroelastic model of the wing is integrated with a dynamic system model including the bridle line system, the KCU and the tether. Because the focus of the present study is on the traction phase it can be assumed that the bridle lines and the tether are fully tensioned. Distributed loads such as gravity and aerodynamic drag will cause a certain deflection of line components. The degree of deflection depends on the length of the line and the ratio of the distributed load to the tensile force in the line. For the short bridle lines deflection is only of minor importance, however, for long tethers the effect can be significant. According to [9] , tether deflection can be neglected if the distance of the kite from the ground station does not exceed 100 m, which is the case for the present study.
A schematic representation of the dynamic system model is shown in Fig. 5 . The mass distribution of the wing is approximated by point 
where l D = r D − r KCU is the actual length of the steering line, k c its stiffness and c c its damping coefficient. The force that the wing exerts on mass m D is calculated as F k = −F b with the reaction force given by the second block of equations in system (1). The aerodynamic drag force F D,c acts on the connected bridle line in the direction of the normal component v a,n of the local apparent wind velocity. It is computed as
where ρ denotes the air density, C D the aerodynamic drag coefficient of a cylinder in cross flow [36] and d c the diameter of the line. Half of the force is applied on mass m D and half of it on mass m KCU . Inertial effects have not been taken into account in the finite element model, which is why the gravitational force F g and dynamic force mr acting on mass m D are explicitly included in the dynamic system model. The damping forces F d are introduced between the wing tips to describe aerodynamic damping effects that are not covered by the aerodynamic load model. The damping constants are obtained by deriving the bending stiffness between the wing tips from numerical experiments and selecting appropriate relative damping coefficients β AC , β BD , β AD and β BC between the point masses to dampen the transverse wing tip relative motion. The stiff beams integrated in the wing tips connecting masses m A and m B as well as masses m C and m D can cause high-frequency oscillations in the dynamic model, although the corresponding displacements are in fact very small. These numerical artifacts can be eliminated by imposing distance constraints between the point masses.
The parameters values for the discussed model components are summarized in Table 1 . The resulting dynamic system has 12 degrees of 
where M is the generalized mass matrix and f is the vector of the generalized forces. The equations of motion were symbolically derived in Matlab ® .
D. Numerical time integration
Equation (12) can be reformulated as
which indicates the functional dependence of the accelerationsÿ on the state vector y, the generalized velocitiesẏ and the state vector X of the wing. The numerical integration over time is illustrated in Fig. 6 . On input the FSI module receives the state vector X of the wing and the displacements q b of the bridle attachment points. Once the finite element solver has converged to the static solution, it returns to the dynamic system model the reaction forces F k = −F b that act on the point masses m A , m B , m C and m D . Subsequently, the dynamic state vector y is advanced by a time step to the next discrete time of the system and the state vector X of the wing is updated. In order to fly the wing on a predefined trajectory and to keep the tension in the tether between a minimum and maximum value, the integration process includes steering and force controllers. Both implementations are described in the following section. The choice of the time integration scheme strongly affects the achievable accuracy, computational costs and stability of the simulation. Two different types of methods can be used to advance the state of the dynamic system model from one discrete time t n to the next t n+1 . Explicit methods calculate the state at t n+1 directly from state variables at t n , whereas implicit methods require solving a system of linear equations involving state variables at t n and t n+1 . As consequence, the computational cost per time step is low for explicit methods, however, the solution of stiff problems generally requires very small time steps because of the conditional numerical stability of the methods. Implicit methods, on the other hand, generally allow for large time steps because of their intrinsic stability.
Another important aspect affecting the computational performance of the iterative solution process is the cost of calculating the static aeroelastic response of the wing per integration time step. A large time step generally implies larger changes in aerodynamic loading and shape deformation which has the consequence that the Newton-Raphson scheme employed by the FSI module will require more subiterations to advance the static equilibrium shape of the wing from t n to t n+1 . Numerical experiments have shown, that the large time steps of implicit integration methods lead to disproportionately expensive aeroelastic response calculations. Explicit methods, with smaller time steps and thus tighter coupling of model components, were able to achieve a higher overall performance. A fourth-order Runge-Kutta scheme, as implemented in the ODE45 Matlab ® function, resulted in the shortest simulation times for the test cases considered in this work. Future developments might involve an adaptive implicit-explicit algorithm which can dynamically consider the time evolution of the driving aeroelastic forces.
III. Flight control
The objective of the current study is to simulate the operation of a tethered wing on predefined flight trajectories typical for airborne wind energy systems. To achieve this, steering and force controllers -collectively denoted as flight controller -are included in the iterative coupling loop. The steering controller adjusts the actual length difference ∆l = l B −l D of the left and right steering lines such that the wing deforms asymmetrically and generates an aerodynamic turning moment. This controller emulates the functionality of the implemented kite control unit (KCU), as described in [7, 16, 17, 37] . The force controller adjusts the line lengths l B and l D equally, forcing the entire wing to pitch rotate (and deform symmetrically) in order to retain the generated aerodynamic force and resulting tether tension between certain minimum and maximum values. This force controller is not included in the implemented KCU but incorporated in the functionality of the winch controller of the ground station. It should be noted that the intention is not to develop an optimized control strategy for a kite power system, but to provide a combination of robust controllers to perform numerical simulations of actual flight maneuvers.
A. Steering controller
In order to analyze the steering of a kite it is suitable to decompose its flight motion into components along and perpendicular to the tether. When applying a spherical coordinate system, as illustrated in Fig. 7 , this results in radial and tangential components of motion. The direction of the tangential component v k,τ is controlled by the KCU whereas the magnitude of the radial component v k,r is controlled by the ground station. In the current study the assumption of a constant tether length eliminates the radial component. Figure 7 also shows the control reference frame (x c , y c , z c ), which slightly differs from the kite-fixed reference. The z c -axis is in line with the tether, whereas the y c -axis is perpendicular, pointing towards the bridle attachment point on the leading edge of the right wing tip. The control reference frame and the kite-fixed reference frame coincide only in the particular situation, where the bridle line attachment points A, B, C and D span a rectangle which is perpendicular to the tether. In order to non-dimensionalize the steering problem, the position r KCU of the steering unit is projected radially on the unit sphere. At this projected kite position R k , the local tangential plane τ is spanned by axes x s and y s . The orientation of the kite relative to the wind reference frame is described by three Euler angles with an x − y − z rotation order. The third rotation is the yaw rotation of the kite and describes its heading h on the local tangential plane τ. The controller steers the kite such that the projected kite position R k converges towards the desired trajectory on the unit sphere. Fig. 7 depicts this figure-eight trajectory, a Bernoulli lemniscate, which is a parametric curve that approximates well the power generating crosswind flight maneuvers [16, 17, 38] .
The working principle of the controller is illustrated in Fig. 7 and can be summarized in five steps: (1) Find the point R * k on the desired trajectory that has the shortest geodesic distance δ to point R k . (2) At this point determine the vectors e t and e n that are tangential and normal to the desired trajectory and that span a local tangential plane τ * . (3) The new desired heading for the kite h * is represented as a linear combination of these vectors
The parameter β depends on the maximum permissible yaw rate of the kite, its current flight velocity and the distance δ to the trajectory, as explained in more detail in [16, 17] . (4) The heading angle ψ is measured from the x s -axis in the tangential plane τ and, similarly, the angle ψ * of the desired heading is measured from the x * s -axis in the tangential plane τ * . (5) The error ε = ψ * − ψ is used as input for the controller.
A proportional controller with gain K 1 is introduced to control the desired length difference ∆l * between the steering lines, based on the error ε ∆l 
where L B,0 and L D,0 are the initial rest lengths of the springs. It should be mentioned that the described steering controller only resembles the more advanced tracking controller presented in [16, 17] . The ideas and the kinematic framework are the same, the terminology similar, however, the control laws differ substantially.
B. Force controller
In order to avoid excessive tension forces in the steering lines, a simple proportional force controller with gain K 3 is added to the steering controller, as depicted in Fig. 8 . The objective of this controller is to keep the ratio between the forces in the steering and the power lines,
at a desired value µ * = 0.3, which is characteristic for crosswind operation of the wing. The lengths of both steering lines are controlled simultaneously by adding the increment
to Eqns. (16) and (17) . The interaction of the two controllers is illustrated in the block diagram of Fig. 8 .
Force controller
Steering controller Figure 8 . Block diagram of the steering and force controllers.
IV. Results
The computational model and flight controller are implemented in Matlab ® . The representative figure-eight flight maneuver selected for analysis is depicted in Fig. 9 , showing the prescribed trajectory and the computed actual flight path. The kite is initially positioned in the center of the figure-eight at point P 0 and subsequently travels through points P 1 , P 2 , P 3 and P 4 to continue with the next figure. Accordingly, the kite performs a left turn during the first half of this maneuver and a right turn during the second half. The kite flies towards the ground in the side regions of the figure-eight, at |φ| ≈ φ max , and upwards in its center region, at φ ≈ 0. In practice, this downloop operation is used for equalizing the traction force during a figure-eight maneuver because the gravitational acceleration can partially compensate for the decreasing effective wind velocity in the side regions such that the kite can maintain a high flight speed [7] . The limitation of the basic proportional steering controller shows particularly in the lower altitude regions of the trajectory, from P 1 to P 2 and P 3 to P 4 , where the actual flight path deviates significantly from the prescribed trajectory. The force ratio µ varies between 0.26 and 0.34 which is due to the low gain employed in the force controller. The computations were performed on an Intel core i5 750 CPU with a clock speed of 2.8 GHz and a memory of 4 GB. Benchmark calculations with different numerical solvers showed that the explicit Runge-Kutta (4, 5) algorithm with variable time step can achieve the shortest run times, about 27.5 times longer than the time duration of the simulated maneuver. The average integration time step was ∆t = 5.3 × 10 −3 s.
A. Steering mechanism
A central objective of the present study is the direct numerical simulation of the aeroelastic and flight dynamic response of a LEI tube kite to prescribed changes of the bridle geometry. According to [9] , pulling on one of the steering lines not only increases the aerodynamic forces at the respective wing tip but also leads to a spanwise torsion of the entire wing. This asymmetric deformation significantly amplifies the aerodynamic yaw moment, forcing the wing to turn around the actuated tip. The mechanism is illustrated in Fig. 10 for pulling on the right steering line a Left tip The photo from below shows how the torsion of the wing leads to an increased angle of attack at the right wing tip, while decreasing the angle at the left tip. As consequence, the aerodynamic forces on the right tip increase, while decreasing at the left tip. However, the drag and the lift components contribute quite differently. The resulting yaw moment of the drag components, acting in the same direction, depends mainly on the force difference and is not significantly affected by the torsion of the wing. The lift components act in opposite directions and the resulting yaw moment increases linearly with the torsion-induced offset between the lines of action, as indicated in Fig. 10 . The computational analysis presented in [9] shows that this torsion-based steering mechanism is responsible for the excellent maneuverability of the C-shaped kite.
In the following, the computational simulation of a complete figureeight flight maneuver is interpreted on the basis of this mechanism. The deformation response of the wing model to a steering input is visualized in Fig. 11 applying magnified nodal displacements. The spanwise torsion is qualitatively similar to the behavior of the real wing depicted in Fig. 10 . Also included is the distribution of nodal aerodynamic forces F i j a , the resultant lift and drag components acting on the wing tips as well as the cable forces. Line forces and drag components are scaled by a factor of 2. Figure 12 shows the evolution of the local angle of attack for three representative wing sections. The left and right wing tips are characterized by angles α l and α r , respectively, whereas the midwing section is characterized by angle α m . The latter is directly related to the actual geometry of the bridle line system which is influenced by the force ratio µ defined in Eq. (18) . The nearly constant value α m ≈ 7.5°proves the effectiveness of the force control strategy discussed in Sect. III. While flying the left turn during the first half of the figure-eight, the angle α l at the left tip is increased and the angle α r at the right tip is decreased. This situation inverses during the second half while the kite is flying a right turn. The increased angles of attack at the wing tips lead to increased aerodynamic drag and lift forces, as illustrated in Fig. 13 . These results quantitatively support the steering mechanism proposed in [9] and discussed above.
After passing point P 1 and again after passing point P 3 the lower one of the two tips angles temporarily drops to negative values and a In kite surfing references, left and right are generally defined from the perspective of the surfer on the ground, looking at the kite, whereas in this study the reversed definition from the kite perspective is adopted. the corresponding lift component drops to low values. At the same time, both tip angles and the aerodynamic forces start to oscillate. This aeroelastic phenomenon, which can also be observed in flight tests, is caused by the severe wing torsion due to the strong increase of the steering input required to track the prescribed trajectory after passing points P 1 and P 3 (compare Fig. 9 ). As can be seen in Fig. 14 Figure 16 shows the steering input ∆L and the flight dynamic response of the kite in terms of its yaw rate. In the upper half of the figure-eight, from P 0 to P 1 and P 2 to P 3 , the data is linearly correlated. In these parts of the maneuver, the kite is closely tracking the prescribed trajectory, while steering input and deformation of the wing are only moderate. A proportional relationship between yaw rate and steering input is also reported by [15] [16] [17] [18] , analyzing flight data from kites of different designs and ranging from ten to several hundred m 2 surface area. The correlation deteriorates in the lower half of the figure-eight, from P 1 to P 2 and P 3 to P 4 , where the steering input is increased strongly to follow the prescribed trajectory. As discussed above, the resulting torsion of the wing is so pronounced that the angle of attack of one of the wing tips temporarily drops to negative values. This anomaly significantly affects the steering behavior of the wing. 
B. Aerodynamic performance
The aerodynamic performance of the wing can be characterized by the integral lift to drag ratio L/D, which is plotted in Fig. 17 . The ratio varies between a maximum value of L/D = 9, when the wing passes the center of the figure-eight at points P 0 , P 2 and P 4 , and a minimum value of L/D = 7.5, when the wing flies from the sides of the figure-eight back to the center. This temporary drop in aerodynamic performance is mainly caused by the strong increase of drag at the wing tips as a result of the steering activities and the severe deformation. The high-frequency oscillations are related to the variations of the angle of attack which are generated by the force controller and which are visible in Fig. 12 .
As reported in [39] , the measured lift to drag ratio of a similar type of kite is around L/D = 6, which is significantly below the range of values occurring in the simulation. Since the flight speed of a tethered wing in crosswind operation depends approximately linearly on L/D, the computed speeds of 18 m/s to 28 m/s are higher than actually achievable [5] . This can be explained as follows. Firstly, the aerodynamic model underestimates the effect of induced drag due to three-dimensional flow phenomena such as tip-vortices. Secondly, the geometric simplification of attaching the canopy to the center line of the leading edge tube instead of its top (see Fig. 4 ) artificially reduces the camber of the wing sections. Because this side effect decreases the aerodynamic drag more than the lift, the lift to drag ratio of the wing is increased. This should be corrected in a future revision of the structural model. Thirdly, the coarse discretization makes the finite element model stiffer than the real wing, which counteracts the deformation of the canopy and leads to a smaller camber than in reality.
C. Spanwise bending
The torsion of the wing in response to steering actuation is only one of the characteristic macro-scale deformation modes occurring during flight. Another one is the bending in spanwise direction resulting from the aerodynamic loading. This is illustrated in Fig. 18 by means of the transverse displacements of the bridle attachment points. The data indicates that the aerodynamic forces cause a large deformation of the tensile membrane structure from its initial unloaded shape. The heavily loaded center part of the wing is pulled outwards (in positive z kdirection), tensioning bridle line system and tether and forcing the less loaded wing tips to move towards each other. This bending deformation, which essentially is an aerodynamic pretensioning of the structure, reduces the tip distance of the unloaded wing by an average value ∆y = 1 m. This is about 20% of the design value given in Fig. 3 , which clearly indicates the necessity of a geometrically non-linear modeling approach. Nearly symmetric tip deflections can be observed when the kite passes the center of the figure-eight, at points P 0 , P 2 and P 4 , which corresponds to vanishing steering input ∆L and symmetric bridle geometry. Along the flight path, the transverse displacement of each wing tip varies in total by ∆y = 0.3 m, which is illustrated in Fig. 19 by two representative extreme shapes of the deformed wing. The variations of the tip displacements displayed in Fig. 18 do not show any notable oscillations. A similar behavior can be observed in flight tests. Even though an inflatable structure is very flexible, the aerodynamic pretensioning significantly increases its stiffness. During flight tests, wind gusts can inflict strong variations in wing loading, which can lead to large deformations, in extreme cases also to collapse of the tensile membrane structure. Gust loads are not included in the present model but would constitute an important extension to simulate the aeroelastic response of a tethered inflatable wing in a realistic wind field.
V. Conclusions
In contrast to a rigid wing, a tethered inflatable wing is deformed substantially by the aerodynamic loading occurring during operation. Asymmetric changes in the bridle geometry directly affect the wing shape and can be employed efficiently for steering. The objective of the present study is to demonstrate the feasibility and performance of an approach for the coupled numerical simulation of the flight dynamics and structural deformation of a leading edge inflatable kite for traction power generation. Assuming a quasi-steady aeroelastic behavior, the wing is described by a static, geometrically nonlinear finite element model and combined with a steady aerodynamic load model. The reaction forces at the bridle line attachment points serve as input for a dynamic system model governing the flight dynamics of the wing.
The results show that the computational model can reproduce the characteristic macro-scale bending and torsion deformation modes of a wing in a crosswind figure-eight flight maneuver. Compared to the unloaded wing, the deformations during flight are large, which justifies the use of a nonlinear structural model. Neglecting the inertial structural forces greatly reduces the computational effort, since the numerical time integration has to be performed only for the dynamic system model, which, compared to the finite element model of the wing has only a limited number of degrees of freedom. The mechanism of steering is analyzed quantitatively and the results confirm the importance of wing torsion. For moderate degrees of deformation a linear relation between steering input and yaw rate is identified, which is consistent with previous experimental studies. The limiting factor in the computational approach is the accuracy of the aerodynamic wing loading model. The present implementation does not account for three-dimensional flow effects and employs an approximate method to redistribute the aerodynamic force on a wing section along its surface. It can thus be expected that the prediction quality can be increased substantially by addressing the deficiencies in the wing loading model. Figure 19 . Frontview of the spanwise bending of the wing.
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